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Peatlands are major ecosystems of the northern hemisphere and have a significant role in 28 
global biogeochemical processes. Consequently, there is growing interest in understanding 29 
past, present and future peatland dynamics. However, chronological and geographical data on 30 
peatland initiation are scattered, impeding the reliable establishment of postglacial 31 
spatiotemporal peatland formation patterns and their possible connection to climate. In order 32 
to present a comprehensive account of postglacial peatland formation histories in North 33 
America and northern Europe, we collected a data-set of 1400 basal peat ages accompanied 34 
by below-peat sediment type interpretations from literature. Our data indicates that all 35 
peatland initiation processes (i.e. primary mire formation, terrestrialization and 36 
paludification) co-occurred throughout North America and northern Europe during the 37 
Holocene, and almost equal amounts of peatlands formed via these three processes. 38 
Furthermore, the data suggests that the processes exhibited some spatiotemporal patterns. On 39 
both continents primary mire formation seems to occur first, soon followed by 40 
terrestrialization and later paludification. Primary mire formation appears mostly restricted to 41 
coastal areas whereas terrestrialization and paludification were more evenly distributed across 42 
the continents. Primary mire formation seems mainly connected with physical processes, 43 
such as ice sheet retreat. Terrestrialization probably reflected progressive infilling of water 44 
bodies on longer timescales but was presumably drought-driven on shorter timescales. 45 
Paludification seems affected by climate as it slowed down in Europe during the driest phase 46 
of the Holocene between 6 and 5 ka. Lateral expansion of existing peatlands accelerated ca. 47 
5000 years ago on both continents, which was likely connected to an increase in relative 48 
moisture.  49 
 50 
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Peatlands are common ecosystems in the cool and humid climates of the northern 57 
hemisphere. High-latitude peatlands can be found in areas where the mean annual 58 
precipitation is greater than 500 mm, where the potential evapotranspiration ratio is less than 59 
1 and where mean annual temperatures are between 1.5 and 6 °C (Gignac and Vitt, 1994). 60 
The resulting positive effective moisture balance prevents complete decomposition of plant 61 
material and causes peat to accumulate (e.g. Charman, 2002 and references therein). 62 
 63 
Globally, peatlands cover ca. 3% of the terrestrial land area (e.g. Rydin and Jeglum, 2006). 64 




, which comprises about 90% of the 65 
global peatland area (Yu et al., 2010). Despite their relatively low global coverage, peatlands 66 
store ca. 30% of global terrestrial carbon (Gorham, 1991) and northern peatlands hold ca. 67 
90% of the total global peatland carbon pool (Yu, 2011). Wetlands are the strongest natural 68 
methane (CH4) source and contribute 75% to the atmospheric concentration from natural 69 
sources (e.g. Ehhalt et al., 2001). High-latitude peatlands are estimated to account for 34–70 
60% of global wetland CH4 emissions (Bartlett and Harris, 1993; Matthews and Fung, 1987). 71 
Thereby, northern peatlands play an indisputable and significant role in  Earth’s carbon cycle 72 
and in other biogeochemical processes.  73 
 74 
Due to the importance of peatlands in the global carbon budget, there is growing interest in 75 
the reconstruction of the Holocene peatland extent, the associated carbon accumulation and 76 
the influence of these on the global carbon cycle (e.g. Kleinen et al., 2012). Large data-sets of 77 
peat initiation dates alone have been compiled by e.g. Gorham et al. (2007), Korhola et al. 78 
(2010), MacDonald et al. (2006), and Smith et al. (2004). Yet these hemispheric studies do 79 
not portray the peatland formation pathways and their subsequent development. A few 80 
regional-scale estimations (e.g. Huikari, 1956; Korhola and Tolonen, 1996) and studies 81 
(Kuhry and Turunen, 2006) have been presented on the origin and development of peatlands 82 
in northern Europe and North America during the Holocene, but comprehensive large-scale 83 
data compilations that disentangle the peatland initiation processes are not available.  84 
 85 
Peatland formation can initiate via three processes: primary mire formation, terrestrialization 86 
or paludification. In primary mire formation peat is formed directly on wet mineral soil when 87 
the land is newly exposed due to crustal uplift or deglaciation (e.g. Rydin and Jeglum, 2006; 88 
Tuittila et al., 2013). Regionally, primary mire formation has been, and still is, a very 89 
common peatland initiation process, for example on isostatically uplifting sea shores (Sjörs, 90 
1983).  91 
 92 
In terrestrialization and paludification, on the other hand, the area colonized by peatland 93 
vegetation has experienced previous sediment deposition or soil development. In the classic 94 
autogenic model, terrestrialization proceeds through infilling of a water body with organic 95 
and inorganic material over centuries and millennia and peatland vegetation colonize the 96 
water body, e.g., from its edges as floating peat mats (Charman, 2002; Rydin and Jeglum, 97 
2006 and references therein). Eventually, any water-collecting basin may become infilled and 98 
terrestrialized (Charman, 2002). A new conceptual model of episodic, drought-triggered 99 
terrestrialization presents the infilling as an allogenic process driven by decadal-to-multi-100 
decadal hydroclimatic variability (Ireland et al., 2012). This model is well supported by 101 
numerous case studies (see Ireland et al., 2012). In both terrestrialization models, the trophic 102 
status of the water body and the catchment, the bathymetry, and the catchment topography 103 
also have a strong influence on terrestrialization (Frenzel, 1983).  104 
 105 
In contrast to primary mire formation, in paludification, peatland vegetation colonizes dry 106 
mineral soil that is occupied by terrestrial vegetation or long-exposed bare land (Kuhry and 107 
Turunen, 2006) and peat starts to form without a transitional aquatic phase. The prerequisite 108 
is that the local hydrological conditions become wetter, induced for instance by climatic 109 
change, fire, or beaver damming, resulting in waterlogged soil conditions that promote peat 110 
accumulation (Charman, 2002 and references therein; Gorham et al., 2007; Härkönen, 1999; 111 
Rydin and Jeglum, 2006 and references therein; Tuittila et al., 2007).  112 
 113 
Independent of the peatland initiation processes, all peatlands may subsequently grow 114 
horizontally onto the surrounding land by lateral expansion. Lateral expansion occurs when 115 
marginal areas of peatlands become waterlogged due to excess water running off from the 116 
peatland surface or from the surrounding area (Charman, 2002 and references therein). This 117 
process can be exclusively driven by the autogenic succession of the peatland but favourable 118 
climate and topographical conditions can hasten it significantly (e.g. Korhola, 1996). Because 119 
of its partly autogenic character, lateral expansion may proceed continually unless it 120 
encounters topographical or climatic barriers and thereby slows down or stops. Under 121 
favourable conditions it may proceed by several meters per year (Korhola, 1994) or even 122 
upslope (Korhola, 1996).  123 
 124 
By synthesizing available information from literature we have composed an up-to-date 125 
survey of postglacial peatland initiation processes and lateral expansion dynamics, as well as 126 
their spatiotemporal patterns in North America and northern Europe. Previously, this 127 
information has mostly relied on sophisticated estimations (cf. Sjörs, 1983). Hence, also 128 
syntheses of the climate feedbacks of peatland ecosystem development have remained 129 
tentative. Data-based information on past peatland formation dynamics could significantly 130 
improve our understanding of the sensitivity of peatland ecosystems to climate forcing.  131 
 132 
 133 
Material and methods 134 
 135 
The initiation process or timing cannot be inferred from the present state of a peatland. The 136 
initiation processes have to be defined by careful examination of the contact zone between 137 
the basal peat and the underlying sediment, and by dating the basal peat. In existing literature, 138 
over 3000 basal peat dates are available from more than 2000 high-latitude peatland sites 139 
(e.g. Gorham et al., 2007; Korhola et al., 2010; MacDonald et al., 2006; Smith et al., 2004). 140 
From these we compiled a new data-set of basal peat radiocarbon ages for North America 141 
(henceforth, NA) and northern Europe (NE), with associated sediment type analysis and/or 142 
interpretation on the peatland initiation process and lateral expansion. Due to limited 143 
accessibility and language barriers most of the Russian data were excluded and only some 144 
data from European Russia (west of the Urals) were included.  145 
 146 
In our literature based approach we did not carry out any sediment type interpretations but 147 
relied on the original publications for their interpretation of the sediment type and the 148 
peatland initiation process. In the original studies the type of sediment at the contact zone 149 
with the basal peat was determined by stratigraphic analysis, plant macrofossil analysis 150 
and/or by measuring the organic matter content (i.e. loss on ignition) of the basal sediments 151 
or, in a small number of cases, by visual assessment. We grouped our data into peatlands that 152 
initiated through primary mire formation, terrestrialization and paludification according to the 153 
following division of the below-peat sediment types. Peat formed through primary mire 154 
formation is typically underlain by gravel, sand or clay (i.e. inorganic sediments). Peat 155 
formed via terrestrialization is underlain by highly organic limnogenic sediments (e.g. gyttja, 156 
sappropel, detritus mud). Peat formed through paludification is underlain by organic material 157 
originating from the preceding vegetation communities, such as forest or heath; often 158 
macroscopic charcoal particles are present and indicate peat formation after a local fire 159 
(Tuittila et al., 2007). On rare occasions paludification has occurred on bare ground, e.g. on 160 
moraines that have been exposed for centuries or millennia, and cannot, therefore, be 161 
classified as primary mire formation. In cases where the peatland initiation process could not 162 
be determined according to the above criteria, e.g. because the stratigraphic description was 163 
insufficient, the basal peat ages were not included in our data-set. .  164 
 165 
In addition to the peatland initiation processes, we were able to identify lateral expansion of 166 
peatlands in our data. In our view it is reasonable to study lateral expansion separately from 167 
the initiation processes since it is the ecosystem process by which all existing peatlands may 168 
spread and there may be other allogenic forcing factors behind it than in peatland initiation. 169 
The identification of lateral expansion is, however, not as straight-forward as with the 170 
peatland initiation processes. This is because the underlying sediment of peatlands that have 171 
initiated through paludification and those peatland areas formed through lateral expansion are 172 
essentially identical. Lateral expansion can be separated from paludification by the 173 
examination of the basal peat age distribution pattern in the peatlands. This requires a series 174 
of basal peat ages that spatially encompass different parts of the peatland under study. If the 175 
basal peat ages become gradually younger from an older, initiation point towards the edges of 176 
the peatland, they represent peat formed through lateral expansion (Anderson et al., 2003; 177 
Korhola, 1996) (see also Fig. 1). The basal peat ages in our data-set originate from peatlands 178 
with both single and multiple dated basal peat cores. Peatlands with only one (or two) basal 179 
dates were separated from peatlands with three or more basal peat dates. The latter formed 180 
the group of multiple dated peatlands (see Supplementary Table 1, S1). Lateral expansion 181 
dynamics can only be identified for peatlands with multiple dated basal peats.  182 
 183 
The attempt to create a historical spatiotemporal picture of peatland initiations is complicated 184 
by the fact that in some cases now-extant peatlands started to form simultaneously from 185 
several separate loci that over time fused together by lateral expansion. This development 186 
pattern has been previously discussed by Foster and Wright (1990) where different 187 
conceptual bog development models are presented (see Fig. 1b). The initiation process of 188 
individual loci is not necessarily the same, as can also be seen in our data (see S1, e.g. 189 
Luovuoma peatland in NE by Mäkilä and Moisanen, 2007; Juutinen et al., 2013). Our data 190 
also includes examples of the other development models shown in Fig. 1 (see in S1 e.g. 191 
Limbergsmossen in Almquist-Jacobsen and Foster, 1995, for Fig. 1a; and Hammarmossen in 192 
Foster et al., 1988, for Fig. 1c). In order to keep the peatland initiation data analysis as 193 
explicit, simple and intercomparable as possible in this study, we only included the oldest 194 
basal peat date and the associated initiation process per peatland, regardless of the number of 195 
initiation loci, for the peatland in question. This ensures that single- and multiple-dated 196 
peatlands, and the factors controlling their initiation, are treated equally in the data. If 197 
peatland patches form in very close proximity to each other it might be impossible with this 198 
kind of data to assess whether the driving factors behind the initiation of a peatland patch are 199 
allogenic or a result of the changed moisture conditions brought about by another peatland 200 
growing in close proximity. All data, including the excluded initiation data, are, however, 201 
shown in the supplementary data (S1, dates included in initiation analysis are marked with an 202 
asterisk).  203 
 204 
The initial radiocarbon ages were calibrated to calendar years using IntCal09 (Reimer et al., 205 
2009) in OxCal 4.1. (Bronk Ramsey, 1995, 2009) and rounded to the nearest decade. The 206 
results are presented in S1. We analysed the compiled data-set by the raw number of 207 
initiation dates and peatland formation processes. Based on the basal peat dates, their position 208 
in the peatland, and sediment type interpretation a value of peatland initiation process and 209 
lateral expansion was then assigned. To illustrate regional differences in peatland dynamics 210 
we produced spatial representations of the data-set in ArcGIS (Figs 4, 5 and 7). In addition, 211 
we calculated probability density functions (PDFs) for each calibrated age in our data-set in 212 
OxCal 4.1. We generated in OxCal 4.1 summed probability curves for various subsets (e.g. 213 
radiocarbon ages representing a specific peatland formation process) by summing the 214 
relevant age-specific PDFs to illustrate the temporal trends and frequencies of peatland 215 
formation dynamics. 216 
 217 
We acknowledge that there are numerous complications related to our literature-based 218 
approach on peatland initiation. For example, we cannot assess whether the published basal 219 
peat ages truly represent the contact zone of the peat to the underlying sediment, or even if 220 
the dated basal peats have been collected from the oldest parts of the peatlands and thereby 221 
really represent the first initiation of the peatlands. There are also possible errors related to 222 
the radiocarbon dating of the basal peat samples but this is taken into consideration when 223 
presenting the temporal trends as summed probability curves in Figures 2 and 6. In a very 224 
few cases (less than 10 in the whole data-set), the publications did not provide original 225 
lithological information. In these cases we used the initiation process reported in the study. 226 
Another evident limitation of the data-set originates from the selection of study sites in the 227 
original studies, which probably results in biased representativeness of available data. For 228 
example, young peatlands or peatlands in terrain that is difficult to access are most likely 229 
under-represented.  230 
 231 
In order to further assess the significance of these possible error sources listed above we 232 
carried out sensitivity analysis to our data. The temporal trends in the present data with 233 
below-peat sediment type interpretation were compared to trends in all available basal peat 234 
data (Korhola et al., 2010) to see how well our data-set represents all available data. In 235 
addition, high quality subsets (marked with an “S” in S1) composed of basal peat dates with 236 
the most reliable information on the initiation process (determined by stratigraphic analysis 237 
and/or plant macrofossil analysis of the below-peat sediment type) were compiled and 238 
compared with the whole data on each initiation process. The robustness of the lateral 239 
expansion trends was assessed by comparing the data to a subset of peatlands with ≥ 7 lateral 240 
expansion dates per peatland.  241 
 242 
We are confident that even with some data-point-specific uncertainties, the whole assembled 243 
data-set can capture salient Holocene-scale spatial and temporal trends in peatland formation 244 
dynamics and can thus provide important new information. Our results may function as a 245 
basis for further assessments and meta-analyses of the initiation and development history of 246 
northern peatlands. 247 
 248 
 249 
Results and discussion 250 
 251 
Our data compilation yielded a total of 1450 basal peat ages with sediment type 252 
interpretations from 694 peatlands (see S1) in boreal, subarctic and arctic Europe and North 253 
America. Figures 2a and b show that the present data-set is highly representative of all 254 
available basal peat ages presented in Korhola et al. (2010) in NA and NE. In addition, we 255 
have included some new data from NE that was not present in Korhola’s et al. (2010) data-256 
set. The current data-set enables us to present results on the proportion of peatland initiation 257 
processes, their spatial and temporal distribution, and lateral expansion dynamics during the 258 
Holocene. Figures 2c and d underline the need to discuss peatland initiation processes and 259 
lateral expansion dynamics separately, since these have obvious differences in their temporal 260 
patterns with peatland initiation being more pronounced during the early Holocene and lateral 261 
expansion more prominent in the late Holocene. In addition, we explore the sensitivity of 262 
peatland ecosystems to climate forcing on broad temporal and spatial scales, only enabled by 263 
such continental-scale data-sets. 264 
 265 
Proportion and spatial distribution of peatland initiation processes 266 
 267 
According to our results, the proportion of the three peatland initiation processes do not vary 268 
significantly on a broad scale, but their occurrence exhibits spatial patterns. In NA, all 269 
peatland initiation processes seem to have occurred to a similar extent during the Holocene; 270 
with terrestrialization (38%) and primary mire formation (36%) as the leading processes (Fig. 271 
3a). The initiation processes exhibit spatial patterns so that primary mire formation is largely 272 
restricted to coastal areas, whereas terrestrialization and paludification are more evenly 273 
distributed across the continent (Fig. 4a). On a regional scale our data is in agreement with 274 
previous estimations from west-central Canada where paludification was reported to be the 275 
prevalent peatland initiation type (71%) and terrestrialization represented the remainder 276 
(28%) (Kuhry and Turunen, 2006) (Fig. 4a). However, our continental-scale survey shows 277 
that the estimations by Kuhry and Turunen (2006) cannot be widely extrapolated since on a 278 
continental scale for example paludification accounts for only 26% of NA peatland initiation. 279 
Furthermore, the data suggest that terrestrialization has also occurred widely in Arctic areas 280 
(Fig. 4), which differs from some previous studies which have suggested that 281 
terrestrialization is uncommon in those areas (Tarnocai and Zoltai, 1988).  282 
 283 
Also in NE the initiation processes seem to have been almost equally common (Fig. 3b). The 284 
data suggest that paludification was the most common peatland initiation type (ca. 40%) (Fig. 285 
3b), and it occurred uniformly around the continent (Fig. 4b). Primary mire formation (31%) 286 
seems to have been mainly restricted to coastal and mountainous areas (Fig. 4b). Earlier 287 
estimations for instance for Finland have proposed slightly higher proportions for primary 288 
mire formation, i.e. 35–50% (Huikari, 1956) and 40–60% (Korhola and Tolonen, 1996). The 289 
current data show that in NE, terrestrialization has been a distinctly more common peatland 290 
initiation process than postulated before. For example, previous estimations for 291 
terrestrialization in Finland have ranged from 5–15% (Lappalainen and Toivonen, 1985). 292 
According to our data terrestrialization (29%) occurred throughout the continent but was 293 
especially prominent on the shores of the Gulf of Finland (Fig. 4b). 294 
 295 
Paludification has been considered responsible for producing vast areas of peatlands and 296 
therefore it has been proposed as the most important peatland forming process in the northern 297 
hemisphere (e.g. Sjörs, 1983). This is true, especially if lateral expansion is included in 298 
paludification. In our approach where paludification (initiation process) is separated from 299 
lateral expansion, the latter emerges as the most important process forming new peatland 300 
areas. It is beyond the scope of this article to accurately determine the areal extent of 301 
peatlands initiated through each initiation process. Although in general, peatlands initiated 302 
through terrestrialization often occupy relatively small, geographically isolated patches 303 
whereas peatlands initiated through paludification on flat terrain may form vast 304 
interconnected peatland complexes (e.g. Charman, 2002; Sjörs, 1983; Tiner, 2003). 305 
 306 
Spatiotemporal patterns of peatland initiation and lateral expansion in NA and NE 307 
 308 
Our data-set suggests that all peatland initiation processes have co-occurred on both 309 
continents throughout the Holocene. The spatiotemporal pattern of peatland initiation in NA 310 
and NE is shown in Figures 5a and b, respectively, whereas the temporal trend of the 311 
initiation frequencies is shown in Figure 6. The first signs of peatland formation on the ice-312 
free areas of NA have been reported at almost 20 ka (Gorham et al., 2007). In our data the 313 
oldest dates are ca. 13 ka and depict primary mire formation and terrestrialization (Figs 5a 314 
and 6a). At first, peatland initiation was mostly confined to coastal and mountainous areas 315 
(Fig. 5a) as has also been suggested by Gorham et al. (2007). According to our data, 316 
peatlands started to form more commonly through terrestrialization and paludification in the 317 
interior parts of the continent with a time-lag of a few thousand years, i.e. 11–9 ka, (Fig. 5a). 318 
This has also been previously observed by Gorham et al. (2007) and Halsey et al. (1998). 319 
Primary mire formation seemed to decrease in NA from its initial early Holocene high values 320 
but increased again 8–5.5 ka especially around the Hudson Bay area (Figs 5a and 6a). At 5–4 321 
ka terrestrialization seemed to be the most important peatland initiation process  in the central 322 
parts of the continent, concentrating around the Great Lakes, Lake Winnipeg and the 323 
watershed of Saskatchewan River (Fig. 5a). The data suggest that during the last 4 ka, low-324 
intensity  peatland initiation has continued via all processes throughout the continent (Figs 5a 325 
and 6a) with similar spatial distribution patterns as in the earlier Holocene. However, in the 326 
most recent millennia peatland initiation may have concentrated on the eastern half of the 327 
continent (Fig. 5a).  328 
 329 
The NE peatland initiation pattern seems to concur in part with the NA pattern: primary mire 330 
formation was the first Holocene peatland initiation process (Fig. 6b) and it was mostly 331 
restricted to coastal areas (Fig. 5b). However, in contrast to peatland initiation in NA 332 
initiation in NE, regardless of the pathway, apparently started directly over wide areas after 333 
the retreat of the Scandinavian ice-sheet 11–9 ka (Figs 5b and 6b) without an extended time-334 
lag as seen in central NA (Fig. 5 and Halsey et al., 1998). The 10–8 ka time window seems 335 
the most intensive phase of new peatland initiation throughout the continent (Fig. 5b) after 336 
which  primary mire formation and terrestrialization in particular slowed down (Fig. 6b). 337 
After 5 ka, and specifically 4–3 ka, peatland initiation accelerated again through 338 
paludification (Fig. 6b). Over the last 4 ka, paludification appears as the most important 339 
peatland initiation process in Europe and has occurred widely in the northern regions of the 340 
continent (Fig. 5b).  341 
 342 
The continuous peatland initiation during the late Holocene (Figs 5 and 6) suggests that the 343 
straight-forward decline in peatland initiation rates following the early Holocene as proposed, 344 
for example by Gorham et al. (2007), MacDonald et al. (2006) and Smith et al. (2004), does 345 
not occur. Furthermore, when our lateral expansion data is included in the peatland initiation 346 
rates, it seems that the formation rate of new peatland area was still high 5–1 ka, especially in 347 
NA (Fig. 6), and not significantly lower than in the early Holocene. Moreover, the 348 
widespread occurrence of paludification in recent times does not support the claim that at 349 
present and during the recent past the formation of new peatlands occurred mainly via 350 
terrestrialization, or was restricted to areas facilitating primary mire formation, such as 351 
coastal areas (cf. Franzén, 1994). As the subset of high quality peatland initiation dates and 352 
the subset of lateral expansion with ≥ 7 lateral expansion dates/peatland (blue curves in Fig. 353 
6) exhibits quite the same temporal trends as our whole data (red curves in Fig. 6), we 354 
consider our data-set to be reliable and representative of peatland initiation and lateral 355 
expansion on the continents.   356 
 357 
Figure 7 shows the spatiotemporal lateral expansion of existing peatlands. The data suggest 358 
that in the early Holocene, lateral expansion was restricted to the western and eastern shores 359 
of NA and to southern Finland in NE. Lateral expansion seems quite intense and widespread 360 
in NE for the first part of the Holocene (Figs 6b and 7), while in NA lateral expansion was 361 
apparently restricted to the more coastal areas until ca. 7 ka (Fig. 7). After this, peatlands 362 
spread intensively also in the central parts of NA, especially from around 5.5 ka until the last 363 
millennium. The most intense and widespread phase of lateral expansion in NE apparently 364 
occurred around 5–3 ka, but in some areas it has also continued strongly through the last 365 
millennia (Figs 6 and 7). 366 
 367 
Noteworthy, all peatland formation frequencies on both continents seem to decrease towards 368 
the present, being especially slow during the last 2 ka, with the exception of paludification 369 
and primary mire formation in NA (Fig. 6). This most likely mainly reflects the under-370 
representation of young peatlands in the data because research traditions favour older 371 
peatlands and avoid young marginal areas (Korhola et al., 2010; Kuhry and Turunen, 2006). 372 
Also, some areas covered by vast peatlands, such as the Hudson Bay Lowland, remain clearly 373 
under-represented due to scarcity of data. These factors may bias our results.  374 
 375 
Exploring the linkage of climate and physical processes to peatland initiation processes and 376 
lateral expansion  377 
 378 
Peatlands are complex ecosystems and their development is controlled by varying external 379 
(allogenic) forcing factors (e.g. climate and fire) and internal (autogenic) processes (e.g. 380 
hydrology and peat thickening through autogenic succession) on local to continental spatial 381 
scales. These processes operate simultaneously and it is challenging to differentiate their 382 
contributions to peatland development (Tuittila et al., 2007). However, if peatlands of 383 
different size, age and maturity stage show a similar response, e.g. increased rates of lateral 384 
expansion, at a regional or wider scale, this can be interpreted as a response to a strong 385 
change in external forcing factors, such as climate (e.g. Charman et al. 2013; Korhola, 1996). 386 
Peatlands react to climate variability on millennial, centennial and decadal scales (e.g. 387 
Bridgham et al., 2008; Chapin et al., 2000; Ireland et al. 2012; Korhola et al., 1996; Roulet et 388 
al., 2007). Here we will discuss millennial-scale continental changes.  389 
 390 
Primary mire formation 391 
 392 
Our data indicate that primary mire formation was not directly linked to millennial-scale 393 
Holocene climate variations, although positive effective moisture conditions had to prevail 394 
for it to start. The spatiotemporal pattern of primary mire formation in our data suggest that 395 
physical processes related to ice sheet retreat and the following isostatic uplift enabled 396 
primary mire formation to take place on exposed water logged land on alluvial ground. In NE 397 
the Scandinavian ice sheet disappeared ca. 10 ka from the Bay of Bothnia on the Baltic Sea 398 
and surrounding land areas (Eronen et al., 2001), which is seen as an intensification of 399 
primary mire formation in the area (Figs 5b and 6b). Afterwards the process was restricted to 400 
mountainous areas and isostatically uplifting sea shores (Fig. 5b) and gradually slowed down 401 
(Fig. 6b).  402 
 403 
In NA, however, the disappearance of the Laurentide Ice Sheet (LIS) and the subsequent 404 
primary mire formation seems to have been more complex. In the beginning of the Holocene 405 
primary mire formation was concentrated on the sea shores that had just been exposed by the 406 
retreating ice sheet or by isostatic uplift (Fig. 5a). The frequency of primary mire formation 407 
in the time window of 11-8 ka was quite moderate (Fig. 6a) possibly because vast areas were 408 
inundated by glacial lakes (Dyke et al., 2003; Gorham et al., 2007). It also seems that the 409 
climate became too dry for peatland formation in central NA immediately after the ice sheet 410 
retreated (Halsey et al., 1998; Williams et al., 2010), which highlights that primary mire 411 
formation is not driven by physical processes alone. The LIS disappeared from North 412 
Labrador and the Ungava Peninsula only ca. 7 ka ago (Dyke et al., 2003) after which rates of 413 
primary mire formation increased (Fig. 6a) especially on the Ungava Peninsula and the 414 




Our data seem to detect some linkage of terrestrialization rates to climate variation on a 419 
millennial scale. As a presupposition terrestrialization frequencies should increase during 420 
drier periods (e.g. Nicholson and Vitt, 1994; Ireland et al., 2012; Väliranta et al., 2005). In 421 
our data, terrestrialization shows a prominent peak in NE around 10–9 ka (Fig. 6b). This time 422 
period coincides with dry conditions and lowered lake levels, especially in Finland and the 423 
Baltics (Yu and Harrison, 1995) where terrestrialization was apparently particularly clustered 424 
(Fig. 5b). Terrestrialization frequencies diminish after 9 ka even though warm and dry 425 
conditions prevailed widely until 5 ka (Harrison et al., 1996; Wanner et al., 2008; Yu and 426 
Harrison, 1995). It must be remembered that the timing and rate of lake level changes as a 427 
response to drier climate is strongly affected by local conditions (e.g. Williams et al., 2010). 428 
Our data do not suggest that the infilling processes that commenced prior to 9 ka ceased 429 
thereafter, but only that new sites experiencing peatland initiation through terrestrialization 430 
became less common. Therefore, the NE peak of terrestrialization 10–9 ka best indicates the 431 
places where local conditions favoured immediate terrestrialization as a consequence of a dry 432 
climate. 433 
 434 
In NA, terrestrialization seems somewhat consistent between 11 and 3 ka (Fig. 6a). This 435 
scatter of terrestrialization frequencies is most likely explained by the slow retreat of the LIS 436 
and a regionally variable climate. The Holocene thermal maximum (HTM) -related 437 
temperature rise occurred in north-western NA several ka earlier than in the north-eastern 438 
part (Kaufman et al., 2004; Renssen et al., 2009). Similarly, the mid-continent experienced 439 
time-transgressive early-Holocene droughts moving eastwards between 14–6 ka (Williams et 440 
al., 2010). During the early Holocene, terrestrialization seems to have initiated quite quickly 441 
in areas where the LIS and Lake Agassiz had retreated (Fig. 5a). The progression of dry 442 
climate conditions and subsequent terrestrialization during the early and mid-Holocene is 443 
suggested by in our data for the period 11–7 ka (Figs 5a). Interestingly, the strongest NA 444 
peak in terrestrialization occurred around 8 ka (Fig. 6a) which coincides with a cluster of 445 
rapid responses of various proxies to mid-continental drying as reported by Williams et al. 446 
(2010). Terrestrialization that occurred after droughts was mostly an allogenically driven 447 
process whereas concurrent terrestrialization caused by slow infilling of, for example, kettle 448 




Peatland initiation via paludification depends on changes in the effective moisture balance 453 
(Davis, 1988; Nicholson and Vitt, 1994), and thus paludification frequencies should show a 454 
response to millennial-scale Holocene climate variations in our data. However, the climate 455 
linkage does not seem straight-forward in NE. Our data show high paludification frequencies 456 
during the early Holocene (10–9 ka) especially in the northern parts of Fennoscandia (Figs 5b 457 
and 6b) where early-Holocene peatland initiation is well-documented (Juutinen et al. 2013; 458 
Mäkilä and Moisanen, 2007; Weckström et al., 2010). Recent studies from Finnish Lapland 459 
suggest that during the early Holocene, temperatures were relatively high and that lake levels 460 
were not especially high, inferring low relative moisture conditions (Luoto et al. submitted; 461 
Siitonen et al., 2011; Väliranta et al., 2005, 2011). Paludification also continued (though 462 
decreasingly) through the mid Holocene (8-5 ka) (Fig. 6b) which is generally accepted as a 463 
warm and dry climate period in NE (Harrison et al., 1996; Seppä and Hammarlund, 2000; 464 
Seppä et al., 2005; Wanner et al., 2008; Yu and Harrison, 1995). Between 6 and 5 ka 465 
paludification intensities were at their lowest level (Fig. 6b), which corresponds with the 466 
driest mid-Holocene period in NE. Thus, in conclusion, it seems that throughout the early and 467 
mid-Holocene the relative moisture conditions remained favourable enough for paludification 468 
at least at a regional scale. Alternatively, natural (forest) fire intensity may have increased 469 
due to dry a climate (Whitlock and Bartlein, 2003), which may have promoted paludification 470 
(Solem, 1989; Tuittila et al., 2007). It has been estimated that in Finland up to 67% of 471 
peatlands may actually have formed through paludification initiated after a forest fire 472 
(Tolonen, 1983). However, our knowledge of past fire dynamics is still regrettably low (cf. 473 
Morris et al., submitted; Sillasoo et al., 2011).  474 
 475 
The  increase in paludification intensities in conjunction with the Neoglacial cooling and 476 
higher effective moisture around NE (e.g., Harrison et al., 1996; Seppä et al., 2005; Siitonen 477 
et al., 2011; Snowball et al., 2005; Väliranta et al., 2005; Yu and Harrison, 1995) is evident 478 
between 5 and 2.5 ka (Figs 5b and 6b). This intensification of paludification, as a 479 
consequence of moister climate conditions and its decrease between 6-5 ka in the driest phase 480 
of the Holocene, seem to be the clearest linkages of paludification to climate variation in NE. 481 
 482 
In NA the distribution of paludification frequencies is even more diffuse than in NE and no 483 
consistent temporal variation exists (Fig. 6a). As with primary mire formation and 484 
terrestrialization, the paludification pattern is probably best explained by the vast size of the 485 
continent, with paludification frequencies varying over millennia in conjunction with regional 486 
climate conditions (e.g. Kaufman et al., 2004; Renssen et al., 2009; Williams et al., 2010). 487 
However, a large-scale linkage of paludification to prevailing climate conditions is seen in 488 
central NA where early-Holocene drying, driven by a combination of high summer 489 
insolation, LIS retreat, Lake Agassiz drainage (Williams et al., 2010) and air circulation 490 
patterns (COHMAP, 1988) initially promoted the establishment of forests rather than 491 
paludification. Paludification commenced in central NA only with a time-lag of a few 492 
thousand years after the ice sheet had retreated (Halsey et al., 1998) (Fig. 5a), possibly 493 
promoted by forest fires and/or a moister climate.  494 
 495 
Lateral expansion  496 
 497 
Lateral expansion can be mainly driven by autogenic processes in relation to the vertical 498 
growth and ombrotrophication of peatlands. Such autogenic forcing is not visible in regional 499 
age frequency data since peatlands respond to it independently. However, the intensity of 500 
lateral expansion can also be linked to allogenic factors, such as climate variation, which 501 
should be reflected as a spatially simultaneous increase in basal age frequencies (e.g. 502 
Korhola, 1996). On both continents, lateral expansion frequencies increase after 5 ka (Fig. 6). 503 
In NE this corresponds with a large-scale climate regime shift towards cooler and moister 504 
conditions, i.e. Neoglacial cooling (e.g. Snowball et al., 2005, and references therein). In NA 505 
the pattern is not as clear, most probably because of the vast size of the continent and the 506 
related spatiotemporal climate variability pattern, but generally the climate became moister 507 
after dry early and mid-Holocene phases also in NA (Shuman et al., 2010 and references 508 
therein; Wanner et al., 2008). Noteworthy, the lateral spreading was common throughout both 509 
continents (Fig. 7), which points to continental scale climate forcing. More specifically, 510 
sample grids close to each other in Figure 7 show similar responses, i.e. increasing or 511 
decreasing expansion rates, which implies that lateral expansion, on millennial timescales, is 512 
mainly driven by sub-continental climate conditions. It seems that only broad-scale climate 513 
changes were strong enough to induce continental-wide signals in lateral expansion and to 514 
raise the lateral expansion frequencies significantly. At the same time, lateral expansion in 515 
NE and NA has also been clearly linked to climate variations on regional scales, with 516 
spreading pulses coinciding with cooler and moister climate phases (e.g. Korhola, 1996; 517 





We present a data-based synthesis of the proportions, geographical patterns and timing of 523 
Holocene peatland initiation processes and lateral expansion. Contrary to previous 524 
estimations, all peatland initiation processes seem to have been almost equally common and 525 
they largely co-occurred throughout the Holocene. Some geographical patterns are evident, 526 
e.g. primary mire formation was mainly restricted to coastal areas.  527 
 528 
Our data show that peatland initiation and lateral expansion processes are not necessarily 529 
coupled in time or space and are driven by different autogenic and allogenic factors. Primary 530 
mire formation seems to be strongly linked to the physical processes of ice sheet retreat and 531 
isostatic uplift but positive effective moisture balance has to prevail at the site. 532 
Terrestrialization seems to be autogenically (infilling) driven on millennial timescales and at 533 
the same time climate-driven (dry periods) on shorter timescales. Paludification slowed down 534 
in NE during the driest Holocene phase between 6–5 ka but otherwise it has been a 535 
continuous process over all northern latitudes throughout the Holocene. The data suggest that 536 
lateral expansion is also linked to climatic conditions as it accelerated during the generally 537 
cooler and moister late Holocene. It should be noted that the formation of new peatland areas 538 
does not necessarily decrease when the initiation rates decrease but that new peatland areas 539 
are continuously formed via lateral expansion. 540 
 541 
Our data indicate a connection between peatland development on continental scales to 542 
millennial-scale climatic variations. However, it seems that detailed linkages are better 543 
observed and validated on regional scales because climatic variations are rarely uniform over 544 
wide areas and local conditions determine how they affect peatland formation.  545 
 546 
There has been much debate on the future fate of peatlands and their carbon dynamics in 547 
relation to climate change. It is difficult to estimate the effects of climate change on the 548 
northern peatland complex as a whole since the estimated changes in temperature and 549 
precipitation vary significantly over the northern hemisphere. Modern experimental peatland 550 
studies, combined with palaeoecological information of past spatiotemporal changes in 551 
peatland environments, may elucidate possible functional responses of peatlands to predicted 552 
changes in climate. In order to assess the future carbon dynamics of peatlands it is crucial to 553 
understand the controlling factors behind spatiotemporal changes in initiation, lateral 554 
expansion and variations in the areal extent of peatlands. These factors must be considered in 555 
the discussion of future peatland dynamics and in the linking of northern peatlands to global 556 
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Figure 1. Three conceptual models of raised bog development at different times (t) leading to 577 
the present state (from Foster and Wright, 1990). In A, the peatland has initiated over a wide 578 
area almost simultaneously and has not subsequently spread laterally but has accumulated 579 
peat vertically. In B, the peatland extant at present has initiated from multiple loci, possibly at 580 
different times and through different initiation processes, that have later fused together 581 
through lateral expansion. In C, the peatland has initiated from one locus and has spread 582 
laterally uniformly through time while also growing vertically.  583 
 584 
 585 
Figure 2. Comparison of the present data-set to all available basal peat ages in North America 586 
and northern Europe and the composition of the data-set as summed probability curves. A) 587 
and B) the frequencies of basal peat dates in the present data-set (red) compared to all 588 
available basal peat dates (blue) (data from Korhola et al., 2010) in North America and 589 
Europe, respectively. C) and D) the composition of the present basal peat data-set, i.e. all 590 
basal peat dates (red) vs. peatland initiation dates (green) and lateral expansion dates (light 591 
blue) in North America and northern Europe, respectively.  592 
 593 
 594 
Figure 3. Relative proportion of peatland initiation processes in North America and northern 595 
Europe. A) North America (N= 399) and B) northern Europe (N= 295). 596 
 597 
 598 
Figure 4. Spatial distribution of peatland initiation processes in North America and northern 599 
Europe. A) North America (N=399) and B) northern Europe (N=295). Elevation data is from 600 




Figure 5 continues on next page. 605 
 606 
Figure 5. Time and location of the peatland initiation processes in North America and 607 
northern Europe during the Holocene in 1000 year time slices. A) North America (N=399) 608 
and B) northern Europe (N=295). The glaciation data for North America is from Dyke et al., 609 
2003 (GIS data source: http://www.mcgill.ca/library/library-findinfo/maps/deglaciation/) 610 
while northern Europe data was digitized from Eronen et al. (2001). 611 
 612 
Figure 6. Occurrence frequencies of the peatland initiation processes and lateral expansion 613 
during the Holocene as summed probability curves in A) North America and B) northern 614 
Europe. In the case of the initiation processes, N depicts the number of 615 
observations/peatlands for each process. The red curve shows the trends of all dates per 616 
initiation process whereas the blue curve represents a subset of the most reliable 617 
interpretations of the respective initiation process. In the case of lateral expansion, N depicts 618 
the number of horizontal spread observations from multiple-dated peatlands. The red curve 619 
shows trends from peatlands with ≥ 3 lateral expansion dates per peatland whereas the blue 620 
curve represents expansion dates from peatlands with ≥ 7 lateral expansion dates. 621 
 622 
 623 
Figure 7. Lateral expansion dynamics of existing peatlands in North America and northern 624 
Europe. The study area has been divided into 2×2° cells. The grid colour indicates the 625 
number of lateral expansion dates inside the cell during a certain time interval, irrespective of 626 
the number of individual peatland sites inside the cell. Light yellow cells indicate cells that 627 
generally contain observations from laterally spreading peatlands, but do not contain any 628 
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